Cyanuric acid (CYA) excretion in urine has been used to estimate the volume of water ingested during swimming and other recreational activities in outdoor pools containing this chemical. These estimates of water ingestion are based on the assumption of 100% excretion within 24 hours, but the supporting evidence for this is scant. While adapting this methodology to investigate other water ingestion scenarios, we observed a high degree of variability in cyanuric acid excretion among experimental subjects, with over 25% of individuals excreting less than 80% of an ingested dose. Use of cyanuric acid to measure inadvertent water ingestion may be a valuable tool to generate data for health risk assessment of non-potable water sources, but our observations indicate that this technique carries an inherent degree of underestimation that should be taken into account when calculating water exposure.
INTRODUCTION
The application of quantitative microbial risk assessment to health risks associated with recreational water activities requires estimation of the volume of water ingested by people during such pursuits. In the absence of empirical data, guideline documents have used estimates of plausible quantities ingested per hour of swimming or per day with swimming activity (WHO ). More recently, empirical data have been generated using measurement of the swimming pool chemical cyanuric acid (CYA) in the urine of volunteer participants as a marker of water ingestion (Dufour et al. ; Dorevitch et al. ; Suppes et al. ) . Cyanuric acid is added to outdoor swimming pools to protect the chlorine disinfectant from rapid decomposition by ultraviolet light. When ingested, this compound is not metabolised but is excreted unchanged in the urine.
According to published evidence (Allen et al. ) , humans excrete more than 98% of the ingested dose within 24 hours of ingestion. Therefore if 24 hour urine samples (all urine produced in a 24 hour period) are collected from volunteers after a swimming session in an outdoor pool, it is possible to calculate the ingested water volume from the concentration of cyanuric acid in the swimming pool water, the 24 hour urine volume and the measured concentration of cyanuric acid in the urine (with the assumption of 100% excretion).
We decided to explore whether this methodology could be adapted to permit ingestion of small volumes of water in non-potable water exposure scenarios other than swimming.
Currently, water quality guidelines for non-potable uses of recycled water are based largely on expert opinion of water volumes accidentally ingested during a range of activities (NRMMC/EPHC/AHMC ), with little or no empirical data to support these assumptions. We carried out tests to verify the reported 100% excretion of cyanuric acid within 24 hours, but found that test subjects showed a broad range of excretion values. We describe the further investigation of these findings and their implications for future studies using cyanuric acid to estimate water ingestion. The experimental studies were carried out at the RMIT University city campus in Melbourne, Australia. A total of 26 participants were recruited by advertising to staff and students at RMIT and Monash Universities. Information was provided on a website, and those making enquiries about participation were screened by telephone interview. Volunteers were excluded if they reported a prior medical diagnosis of kidney disease, or a history of significant skin or eye irritation after swimming in outdoor pools. As a precautionary measure routinely applied in chemical exposure studies, female volunteers were advised they should not take part if they were pregnant, although there is no evidence that cyanuric acid is harmful to pregnant women or the developing foetus.
Known dose excretion tests
Participants were requested not to swim in outdoor pools during the 48 hours before the test or during the 24 hours when urine was collected. At the commencement of the test, participants were asked to empty their bladder, then to drink a solution of 1.0 mg cyanuric acid dissolved in 100 mL of Milli-Q water. Each person was supplied with plastic urine collection bottles, a plastic funnel and a carry bag. Female participants were also provided with a 500 mL plastic jug to assist urine collection. The empty urine collection bottles had previously been weighed and labelled with the participant code number, start time and end time for urine collection. Participants were instructed to collect all urine over the subsequent 24 hours. They were asked to keep urine away from sunlight and direct heat sources, but were not instructed to refrigerate the sample during collection as this was considered impractical.
At the end of the 24 hour collection period, the collected urine was returned for analysis. Participants were asked whether they had spilled or forgotten to collect any urine, and if so, to estimate the approximate volume and time of loss. The full urine bottles were weighed and the volume of urine in each was calculated by subtracting the weight of the empty bottle and assuming a urine density of 1.0 g/mL. Returned urine samples were stored at 4 W C until assayed. Fluid intake by participants was not controlled or monitored during the test.
Cyanuric acid assays
The analytical method for measuring CYA was developed at 
SPE procedure
The SPE procedure was carried out under vacuum. Neutral organics were removed using a C18 cartridge (Agilent Bond Elut Mega BE-C18, pre-washed with 10 mL methanol then 10 mL MilliQ water) to which 10 mL of urine sample was added and eluted to waste. The cartridge was then eluted with 15 mL Milli-Q water, the eluate was collected and 5 mL introduced to the SAX cartridge (Agilent Bond Elut SAX which had been pre-washed with 2 mL methanol then 2 mL Milli-Q water) for the removal of organic and inorganic anions and the effluent was collected. The cartridge was then eluted with 1 mL Milli-Q water and the effluent from the SAX cartridge and eluate (total 6 mL) was added to a SCX cartridge (Agilent Bond Elut SCX pre-washed with 2 mL methanol then 2 mL MilliQ water) for removal of interfering cations and the eluate collected. The SCX cartridge was then eluted with 1 mL MilliQ water and the eluate collected such that the final volume from SPE was 7 mL.
Derivatisation of CYA
An aliquot (500 μL) of the urine extract was evaporated to dry- The recovery of CYA from urine samples spiked at 0.05 mg/L, 0.1 mg/L and 1.0 mg/L was 82%, 92% and 95%, respectively (Table 2) . At spike levels of 0.1 and 1.0 mg/L, the error was less than the %RSD of 10% for the method, whereas at 0.05 mg/L it was higher indicating that the measurement becomes less reliable when the CYA concentration approaches the limit of detection (0.01 mg/L).
The limit of quantitation of the assay was 0.05 mg/L.
Stability of CYA in urine
The concentration of CYA in spiked urine samples decreased over the storage period of 21 days at 4 W C, however the changes for 0.05 mg/L, 0.1 mg/L and 1.0 mg/ L after 7 days were 0%, 5%, and 7%, respectively, less than the RSD of 10% for the method (Figure 2) . Hence, in the range of 0.05 to 1.0 mg/L, CYA may be considered stable when stored for up to 7 days in urine under these conditions.
The room temperature stability tests on urine samples from two participants (A-07 and A-14) spiked with CYA at concentrations of 0.2, 0.6 and 1.0 mg/L showed negligible decline in CYA concentrations (less than 5%, within the accepted analytical variation) during storage for 48 hours.
Known dose excretion tests
Known dose excretion tests were initially performed on three subjects (participant numbers A-01, A-02 and A-03, Table 3 ) with the intent of confirming 100% excretion as previously reported (Allen et al. ) . However, when all three subjects were found to have excreted less than 100% of the ingested cyanuric acid dose, a further 23 subjects were recruited and tested (participants A-04 to A-15 and B-02 to B-42, Table 1 ). The age range of participants was 20 to 56 years and the majority (69%) were male.
The total measured amount of cyanuric acid excreted during the 24 hour collection period after ingestion of the 1.0 mg dose ranged from 0.35 mg to 1.05 mg (35% to 105%) among the 26 individuals (Table 3) .
Overall, the mean excretion of cyanuric acid was 85.3% (95% confidence interval 77.4-93.2%) in 24 hours and the median was 94.5%. One participant (B-09) reported incomplete urine collection. The urine loss (one bladder full, assumed to be up to 500 mL), occurred about 23 hours after • Metabolism of CYA in some participants to a derivative form not detected by the GC/MS assay. No human studies on CYA metabolism appear to exist other than the work of Allen et al. () , however tests in rats and dogs using 14 C radio-labelled CYA did not show evidence of metabolism or persistence in tissues (Hammond et al. ) . It has therefore been assumed that humans also do not metabolise CYA.
• Incomplete urine collection by the participants. Only one person among our 26 subjects reported loss of urine during collection, although it is possible that some participants may have lost urine and not reported this. The tendency for lower percentage excretion at higher urine volumes is not consistent with this hypothesis.
• Presence of substances in the urine of some individuals that are not removed by the SPE cleanup procedure and interfere with CYA measurement by GC/MS. There are currently no data to support or refute this possibility.
• 
